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Performance of a membrane is strongly influenced by the morphology of the membrane itself.
The choice ofthe solvent used is very critical process. The objectives of this project is to study
the effect of solvents which are DCM (dichloromethane) and NMP (N-methyl pyrrolidone) in
membrane preparation on the morphologies of membrane and its relation to carbon dioxide and
methane separation characteristic.
Membrane will be fabricated using wet phase inversion technique. The polymer used is
polysulfone (PSF) while the non-solvents are ethanol and water and were chosen on the basis
of the solubility parameter map. The membranes will be characterized in term of the cross-
sectional morphology as well as the gas permeability. Characterization will be conducted by
using SEM to analyse the morphology, FTIR to measure molecular interactions and UTM to
measure the mechanical properties. Gas permeation unit will be used to evaluate the
performance of membrane by applying different feed pressure. The performance ofmembranes
will be evaluated by measuring C02 and CH4 permeances as well as CO2/CH4 ideal selectivity.
Therefore, the understanding of mechanism of membrane formation is very crucial in order to
produce desirable morphology that leads to enhancement of the membrane performance in
pure gas separation process.
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1.1 CARBON DIOXIDE IN NATURAL GAS PROCESSING
Natural gas is the cleanest, safest, and most useful of all energy sources. It is used as a
feedstock for petrochemical plant or as fuel in power generation plant and vehicles. The
various uses of natural gas have increased the consumption of natural gas. Consequently,
natural gas production must be increased in order to meet the increasing demand of natural
gas.
Natural gas composition may vary from one source to another. Basically, methane is the
major component in natural gas, comprising typically 75-90% of the total component
(Baker, 2004). Natural gas also contains significant amount of ethane, propane, butane and
other higher hydrocarbons. In addition, natural gas may also contain undesirable impurities
such as carbon dioxide and hydrogen sulfide (Baker, 2004). All of these impurities need to
be separated from natural gas in order to meet the pipeline specification for natural gas
delivery.
One of the impurities that need to be separated from natural gas is carbon dioxide. It is well
known that carbon dioxide in the presence of water is highly corrosive that can rapidly
destroy the pipeline and equipment system. Specifically for LNG plant, the natural gas is
cooled down to very low temperature that can make CO2 become solid. However for
pipeline transportation, the solidification of CO2 must be prevented as it may block the
pipeline system and cause transportation problem. The presence of CO2 will also reduce the
heating value content of natural gas and eventually the selling price of natural will be
lowered. Therefore, CO2 removal from natural gas is necessary in order to improve the
quality of natural gas produced.
1.2 RECENT TECHNOLOGIES IN CARBON DIOXIDE REMOVAL FROM
NATURAL GAS
Currently, the available technologies for natural gas processing are amine-based or hot
potassium carbonate-based absorption process, adsorption technology, and membrane
technology. However, each of these technologies has some limitation for removing CO2
from natural gas. Most commercial processes to remove acid gas in bulk quantity involve
the use of amine, usually alkanolamines, as chemical solvent in absorption technology due
to its outstanding performance (Kohl and Reisenfeld, 1979).
1.2.1 Absorption
Generally absorption could cause pollution by corrosive amine disposal which is used as
the absorbent (Bord, et ai, 2004). Consequently, anti corrosion agent must be frequently
injected in order to avoid corrosion. Although it can be recycled, there is still small amount
that need to be treated and disposed properly to save the environment.
1.2.2 Adsorption
There are two types of adsorption which are Thermal Swing Adsorption (TSA) and
Pressure Swing Adsorption (PSA). In TSA process, desorption takes place at temperatures
much higher than adsorption. Increasing temperature is required to shift the adsorption
equilibrium and cause the regeneration ofthe adsorbent. TSA needs long cycle time as time
required to heat, desorb, and cool a bed is usually in the range ofa few hours to over a day.
Therefore, TSA is exclusively used to remove small concentrations of impurities from
feeds due to this cycle time limitation (Keller, 1987). Besides long cycle time, TSA also
requires high energy supply and suffer from large heat loss. PSA process is quite similar to
TSA except the regeneration of adsorbent is done by applying reduced pressure of system.
On the contrary, PSA has short cycle time as time required to load, depressurize,
regenerate, and repressurize a bed but it needs high pressure and vacuum pressure which
contribute to the high operating cost.
1.2.3 Membrane Technology
Existing CO2 removal technologies such as amine stripping, PSA and TSA are still
suffering from several shortcomings. Those technologies consume large space, high capital
and operating cost. Since the last two decades, membrane technology has been developed
to face these challenges. This technology is based on the ability of CO2 and other
components of natural gas in passing through a thin membrane barrier. The mixture of
gases will be separated into permeate and retentate stream. The highly permeating
component will diffuse through the membrane and separated from the non-permeable
component.
Membrane technology offers some advantages over other conventional C02 removal
technologies which are environmental friendly, lower capital cost, low energy
consumption, space efficiency and also suitable for remote location application. However,
the application of membrane for gas separation, particularly for CO2 removal, is relatively
new as compared to other existing technologies. Unlike other gas separation using
membrane technology such as hydrogen separation from methane andnitrogen or nitrogen
enrichment from air, CO2 removal using membrane technology still requires much
improvement in term of stability and separation performance in order to be ableto compete
with current CO2 removal technologies.
Even though some membrane unitshave been used commercially, membrane technology is
still a minorplayer in C02 removal from natural gas. Low stability for long-term usage and
highly sensitive to the presence of impurities other than C02 and/or H2S in natural gas
become major problems when membrane is used for this application. In addition, single
stage of membrane unit is not economically applicable to be applied for large flow rate of
feed gas ( greater than 30 MMscfd) as highloss of desired productsuch as methane may be
takenplace (Baker, 2004). Twostage or even three-stage ofmembranes unit are commonly
required to reduce loss of methane. However, it will add more complexity of membrane
plant and increase the operating cost as recompression cost must be considered. Generally,
current membrane technology to remove high concentration of C02 ( more than 10%)form
natural gas to meet the pipeline specification ( C02 content lower than 2% ) is still too
expensive to compete head-to-head with amine plants (Baker, 2004). Therefore, further
improvement is required to enhance the performance of gas separation using membrane so
that membrane becomes a viable technology in future.
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1.3 PROBLEM STATEMENT
Polymeric membrane is not fully commercializedin natural gas separation industries as it is
highly sensitive to impurities other thanC02 andH2S and low stability for long term usage
and non-economical to be applied for largeflow rate of feed gas (Baker, 1994).
Basically, the performance of a membrane is assessed according to permeability and
selectivity. High permeability leads to higher productivity and lower cost while high
selectivity contributes to more efficient separation and higher recovery. One of the
limitation in gas separation membrane technology is that the difficulty to achieve bothhigh
permeability and selectivity at the same time. Highpermeability is usually followed by low
selectivity and vice versa.
Asymmetric membrane has been extensively studied for gas separation process. It consists
of a thin-skin layersupported by porous sub-layer in which both layersare composed ofthe
same material. This type of membrane is developed usually to increaseflux or permeability
of gas and to obtainhigh selectivity at the same time. The thin-skin layerofthe asymmetric
membrane functions as a selective barrier while the porous sub-layer serves only for
mechanical strength with negligible effects on separation.
The asymmetric membrane morphologies and properties are influenced by the process
condition applied upon fabrication stage. There aresome parameters involved in controlling
the membrane morphology during fabrication stage such as polymer concentration, non-
solvent concentration, solvent/non-solvent pair, humidity, evaporation time, etc (Mulder,
1996). As the morphology of membrane formed could vary greatly due to different
condition of the fabrication process, it is crucial to understand the effect of these
preparation parameters on the mechanism of asymmetric membrane formation in order to
produce desired morphologies and its relation to the performance in removing C02. Hence,
a comprehensive study of fabrication process is necessary in order to produce asymmetric
membrane suitable for gas separation.
It is known that the mutual affinity between solvent-coagulant and solvent-polymer are the
key points to obtain the desired structures in the membrane (Mulder, 1997). The difference
between the solubility parameter is related with the mutual affinity of both compounds. The
increase of solubility parameter difference means the decrease of the mutual affinity
(Matsuyama, et al, 2001) When the mutual affinity of solvent-coagulant is low, the
outflow of solvent into coagulant decreases, produces less porous membrane structure.
Meanwhile, high mutual affinity of solvent-polymer, produces less porous membrane
structure. Matsuyama, et al (2002) studied the preparation of porous cellulose acetate
membranes using four organic solvents in the preparation of the casting solution and noted
that as the mutual affinity between the solvent and coagulant decreased, the membrane
porosity and the average pore size increased. More recently, Temtem, et al. (2006)
produced PSF membranes from six different solvents showed that the high mutual affinity
between solvent and polymer produced the less pore size. Reverchon, et al. (2006) studied
the production ofpoly(methyl methacrylate) membranes and evidenced similar results.
The experimental results of many system show that systems those exhibiting instantaneous
demixing often form more pores and macrovoids, while delayed onset demixing process
form less pores and macrovoids. This means that the parameters that favour the formation
of porous membranes may also favour the formation of macrovoids (Mulder, 1996). The
presence ofmacrovoid is not generally favourable, because they may lead to a weak spot in
the membrane especially when high pressures are applied in gas separation.
In this study, polysulfone was selected as membrane forming material. This is because
certain properties of polysulfone are found suitable for the application ofCO2 removal from
natural gas such as high glass transition temperature (Tg), (185 °C) which makes it high
thermal resistance material, and low rigidity but with free space available due to the
presence of aromatic ring, good control or pore size and pore size distribution, high
membrane strength and good film-forming properties. In addition, polysulfone is relatively
cheap compared to polyimide.
Some works have been carried out in the past to study polysulfone-based membrane for gas
separation. It focused on sorption and transport properties of dense polycarbonates
membrane (Koros, et al., 1977; Wonders, 1979; Jordan and Koros; 1990; Chen et al., 2000)
and gas permeation properties of asymmetric polycarbonate (Pinnau, 1992). However, no
works have been reported on the effect of solvent which are NMP and DCM on the
morphology and CO2 separation performance of asymmetric polysulfone membrane.
Therefore, study on the effect of solvent to produce desired morphologies of asymmetric
membrane using alternative material such as polysulfone (PSf) for the application of CO2
removal from CH4 is important.
1.4 OBJECTIVE OF RESEARCH
The main objectives of this research are:
1. To synthesis PSF membrane by two different solvents which are NMP and DCM at
different concentration.
2. To investigate the effect of solvent on the morphologies ofasymmetric PSf membrane.
3. To evaluate the performance of asymmetric PSf membrane in term of CO2 and CH4
permeance as well as CO2/CH4 ideal selectivity.
1.5 SCOPE OF STUDY
The scope ofthis research is divided into the following section:
1.5.1 Fabrication of Asymmetric Polycarbonate Membrane
Polysulfone (PSf) would be used as membrane forming material during asymmetric
membrane fabrication. N-Mehtyl Pyrrolidone (NMP) and Dichloromethane (DCM) were
selected as solvents meanwhile water and ethanol were used as coagulants. Fabrication of
asymmetric PSf membrane would be carried out via wet phase inversion process by
varying-solvent concentration. In addition, solubility parameter and coagulation value of
phase separation process were also determined in order to understand the mechanism of
membrane formation.
1.5.2 Characterization ofAsymmetric PC Membrane
Characterizations of asymmetric PSf membranes were carried out by using some
characterization tools such as SEM, FTiR and UTM. SEM was used to study the sub
structure beneath of all asymmetric PC membranes prepared from different solvent mixture
while the mechanical properties is measured using UTM and molecular interaction is
measured using FTiR.
1.5.3 Evaluation of Asymmetric PC Membrane Performance
Theperformanceof asymmetric PSf membrane would be evaluated by determining the CO2
and CH4 permeance as well as CO2/CH4 ideal selectivity at various feed pressure ranging
from 1 to 5 bar. Downstream pressure and operating temperature were assumed constant at
1 bar and room temperature, 25°C, respectively. The volume of permeate collected would
be used to determine the gas permeance and CO2/CH4 ideal selectivity.
1.6 ORGANIZATION OF THIS THESIS
This thesis is divided into following chapters. Chapter 1 describes the research background
related to common problems in natural gas treating process with regard to the presence of
acid gases particularly for CO2. The advantages and disadvantages of existing C02
separation technology such amine-based absorption, adsorption and membrane technology
were also presented in this chapter. This chapter also presents problem statement,
objectives ofresearch and scope of study ofthis work.
Chapter2 reviews the past and currentresearch work pertaining to membrane development.
It covers information on membrane definition and classification, development of
asymmetric membranes, membrane characterization technique and various membrane
materials for CO2/CH4 separation.
Chapter 3 describes in detail on the phase inversion method for making asymmetric
membranes. This chapter also presents some factors affecting membrane morphologies,
solubility parameter, polymer properties and transport phenomena on asymmetric
membrane.
Chapter 4 discusses the material, preparationand fabrication technique applied in this study
in order to produce asymmetric polycarbonate membrane. It also describes in detail on
procedure to determine coagulation value and in setting up some analytical tools such as
SEM, FTiR and UTM. This chapter covers the testing procedure to study gas separation
performance in terms of C02,CH4 permeance and CO2/CH4 ideal selectivity at various feed
pressures.
Chapter 5 discusses all the experimental results obtained in this work. It includes the
relationship between solubility parameter of casting solution and coagulation value on the
SEM images of membrane produced. The different morphologies of asymmetric PC
membranes formed were correlated with the membrane performance in term of CO2, CH4
permeance and ideal selectivity of CO2/CH4 at various feed pressure. Finally, FTiR and
UTM results ofmembranes are also discussed in this chapter.




2.1 MEMBRANE DEFINITION AND CLASSIFICATION
The primary role of a membrane is to act as a physical permselective barrier. Excluding the
biological aspect, a membrane is a layer of material which serves as a selective barrier
between two phases and remains impermeable to specific particles, molecules, or
substances when exposed to the action of a driving force. The thin film in either solid or
liquid state act as a permselective barrier for gaseous, liquid, or solid permeant.
Definitions;
1) Membrane is an interphase which restricts the transport ofmatter and/or energy
between two adjacent outerphases ina very specific way (Strathmann, et al, 1989).
2) Membrane is a phase that acts as a barrier toprevent mass movement but allows
restricted and/or regulated passage of one or more species through it.
(Lakshminarayanaiah, 1984).
Some components are allowed passage by the membrane into a permeate stream, whereas
others are retained by it and accumulate in the retentate (Zydney and Zeman, 1996).
Separation of a mixture is achieved when some components permeate the membrane more
freely than others due to the permeability difference.
Membranes can be of various thickness, either molecularly homogenous, i.e., completely
uniform in concentration and structure; or the interface may be chemically or physically
heterogeneous, e.g., containing holes or pores of finite dimensions or consisting of some
form of layered structure (Baker, 1994).
A normal filter meets this definition of a membrane but by convention the term filter is
usually limited to structures that separate particulate suspensions larger than 1 to lOum.
According to IUPAC, there are three different types of pore size classifications:
microporous (dp < 2nm)s mesoporous (2nm < dp < 50nm) and macroporous (dp > 50nm)
(Younan,e/a/.,2003).
Membranes can be neutral or charged, and particles transport can be active or passive. The
latter can be facilitated by pressure, concentration, chemical or electrical gradients of the
membrane process. Membranes can be generally classified into three groups: inorganic,
polymeric or biological membranes. They differ significantly in their structure and
functionality (Mulder, 1996).
2.1.1 Types of Membrane
Generally, there are two types of membranes which are symmetric and asymmetric
membranes (Mulder, 1996). Symmetric membranes have essentially same structure and
transport properties throughout its thickness while asymmetric membrane constituted two
or more structural planes of non-identical morphologies ( Koros, et al, 1996). The dense
and thin skin layer is for the separation of a mixture while the porous sub-layers is to




































Figure 2.1 Schematic Diagrams ofthe Principal Types ofMembranes
10
The porosity of the sublayer increases across the membrane from top to bottom. The
separation characteristic are governed by the nature ofthe skin polymer or pore size and the
mass transport rate mainly by the thickness. In general, the mass transport rate is inversely
proportional to the thickness of the actual skin layer. The porous sublayer serves only as a
support for the skin layer and has very little effect on the separation characteristics and
mass transport rate of membrane.
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2.1.2 Membrane Fabrication
It is very crucial to enhance the membrane performance to make membrane becomes an
effective technology in future. Membrane characterization has to be done to study the
mechanism of membrane formation and to relate their morphologies and properties to the
membrane separation properties.
In preparing the synthetic membrane, a number ofdifferent techniques are available such as
stretching, sintering, track etching, phase inversion, template leaching, and solution coating.
-Sintering
It involves compressing a powder consisting of particles of a given size and sintering at
elevated temperature to obtain porous membranes fromorganic or inorganic materials.
-Stretching
An extruded film or foil made from a partially crystalline polymeric material is stretched
perpendicular to the direction of the extrusion, so that the crystalline regions are located
parallel to the extrusion direction.
-TrackEtching
A way to obtain an assembly ofparallel cylindricalfyshaped pores ofuniform dimension.
-Template Etching
It is done by leaching out one of the components from a film to prepare porous membranes.
-Phase Inversion
It is a process whereby a polymer is transformed in a controlled manner from a liquid o a
solid state.
-Coating
Dense polymeric membranes in which transport takes place by diffusion generally show
low fluxes.
Only through the use of phase inversion process, it is possible to produce either open or
dense structures while others can only produce either open or dense structures. Phase
inversion concept covers various ranges of techniques and one of the most common
techniques is immersion precipitation (Mulder, 1996).
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2.2. EFFECT OF SOLVENT ON MEMBRANE MORPHOLOGIES AND
TRANSPORT PROPERTIES
Selection of the solvent plays a vital role in controlling the membrane morphologies and
properties. Iqbal, et al (2008) found that DCM-based polycarbonate membranes have more
porous substructure than that of chloroform-based membrane for any non solvents used.
This is due to the fact that DCMhas smaller solubilityparameter difference with coagulant
as compared to chloroform.
Different morphologies of asymmetric membranes develop because of varying rates of
demixing of the casting solution. Fast demixing of the casting solution produces a highly
porous membrane with the present of the macrovoids while delayed demixing of casting
solution leads to less porous and macrovoid free substructure of a membrane. In order o
understand the fast and delayed demixing mechanism of casting solution in preparing
membranes using wet phase inversion method, the effects of immersion precipitation step
on the change ofmembrane structure must be considered.
Hwang, et al (1996) has studied about the combination of cosolvent in Polyethersulfone
(PES) membrane development. Since DCM is a weak solvent to PES, the thermodynamic
quality of the PES-DCM membrane is low. PES membranes was, however, more likely
dependent upon the solvent evaporation from the casting solution/air interface rather than
the change of thermodynamic quality of the casting solution. Structure of PES membrane
prepared with pure NMP solution has high thermodynamic quality. Finger-like macrovoids
were well developed, which is the typical structure of micro/ultrafiltration membranes of
high permeability while it is vice versa for membrane prepared from DCM solvent.
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2.3 MEMBRANE CHARACTERIZATION
Membrane may differ significantly in their morphologies and properties and consequently in
their application (Mulder, 1996). Therefore, membrane needs to be characterized in order to
study the mechanism ofmembrane formation and to relate their morphologies andproperties to
the membrane separation properties. There are variety of techniques that can be utilized to
characterize the morphologies and properties of membrane. Several techniques on the
membrane characterization such as cross-sectional images of membrane and porosity
determination will be discussed briefly on the following section.
2.3.1 Characterization ofCross-section of Membrane Structures
Scanning Electron Microscopy (SEM) has been used extensively by many researchers to
obtain a sophisticating image of membrane structures (Kesting, 1990; Shieh et al, 1998; Niwa
et al, 2000; Wang et al, 2006). Characterizing non-conductive membrane using SEM requires
coating treatment in order to make sample become highly conductive. The coated membrane
samples are observed by varying the magnification of images. The SEM technique can be used
to obtain cross-sectional images ofmembrane structure.
2.3.2 Porosity Determination
Porosity determination of gas separation membrane can be carried out using overall porosity
formula as reported by other researchers (Chun et al, 2000; Jansen et al, 2005a; Jansen et al.,
2005b; Macchione et al, 2006). Porosityof membrane is estimated by measuring the thickness
(1) and area (A) of membrane, mass (m) of sample and density (p) of the respective polymer.
The overall porosity formula is described as follows:
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Calculating the porosity ofmembrane using this formula require accurate reading of membrane
thickness. Measurement of membrane thickness can be determined using SEM or micrometer
gauge (Jansen et al, 2005a; Macchione et al, 2006). Careful treatment must be taken into
account as thickness of membrane could be reduced due to too much force while preparing
sample for SEM and micrometer measurement.
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2.4 MEMBRANE MATERIALS FOR CO2/CH4 SEPARATION
There are two type of materials that can be used for gas separation i.e., polymeric and in
organic material. Each type of material has its own characteristics and advantages for gas
separation application. A briefdiscussion of in-organic and polymeric membrane will be given
in Sections 0 and 0.
2.4.1 In-organic Membrane for CO2/CH4 Separation
Inorganic membranes offer good performance in high thermal resistance, high stability,
permeability as well as selectivity. Like organic membranes, inorganic membranes are also
categorized as dense membrane and porous membranes. Porous inorganic membranes consist
of symmetric and asymmetric. Since low flux or permeability resulted from dense membrane,
therefore most of the research works were conducted on porous inorganic membranes such as
carbon and zeolite membrane.
2.4.2 Polymeric Material for CO2/CH4 Separation
Even though in-organic membranes show some promises separation for CO2 separation from
natural gas but low reproducibility for large scale production and high cost of fabrication are
two problems encountered when using this material. Thus, most commercial and research
works on gas separation membranes are reported to be concentrated on polymeric material
(Nunes and Peinemann,2001). Some polymers that have been widely studied as polymeric
material for gas separation membrane will be discussed further in the following section.
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2.4.2.1 Cellulose Acetate Membrane
Cellulose acetate is one of the membrane materials that has been used in industry for the
separation of C02 from natural gas (Dortmundt, et al, 1999). Cellulose acetate is used because
it is inexpensive andhas theproperties suitable for C02 separation (Li,etal, 1998).
Although the cellulose acetate has been used commercially for CO2/CH4 separation, their use
for gas separation is characterized by thefollowing drawbacks (Peinemann, etal, 1988):
a) sensitivity to condensed water
b) sensitivity to microbiological attack
c) highly plasticized particularly during C02 separation
d) low heat resistance ( up to 70°C)
e) relatively high manufacturing cost, because cellulose acetate cannot be directly air-
dried (if direct air drying is employed, the porous base layer will collapse)
2.4.2.2 Polycarbonate
Polycarbonate-based membranes have been studied for many applications of gas separation.
Some studies have also been carried out to investigate the application of polycarbonate
membrane for CO2/CH4 separation (Koros et al, 1977; Jordan et al, 1990). Introducing other
material such as polypyrrole to form mixed matrix membrane or applying post-treatment
method such as annealing after membrane fabrication do not give any significant impact in
order to enhance the performance ofmembrane.
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2.4.2.3 Polyimide Membrane
Rigid glassy polymers, availability of bulky groups and high glass transition temperature (Tg),
chemical resistance and mechanical strength are some typical properties of this material.
Dianhydride (Ar) and diamine (R) portion play important role in enhancing the performance of
polymide-based membrane. Several generalities can be taken to describe the diamine portion in
polyimide-based membrane (Gosh and Mital, 1996).
a) Increasing the monomer rigidity decreases permeability but increase the selectivity.
b) The presence of CF3 group in monomer increases the permeability
c) The presence of a dimethylsiloxyl component in polyimide increases permeability but
decreases selectivity.
However, polyimide is very susceptible to plasticization when CO2 is present in the feed
(Shekhawat, 2003). In addition, polyimide material is expensive as compared to other
polymeric materials. Therefore, the application of CO2 removal using polyimide-based
membrane is still limited.
2.4.2.4 Polysulfone
PSF is a standard membrane material and used widely in industry since it has satisfactory gas
permeabilities, low cost, acceptable permselectives and resist to highly sorbing, plasticizing
gases. It contains the subunit aryl-S02-aryl, the defining feature of which is the sulfone group.
These polymers are rigid, high-strength, and transparent, retaining its properties between -100
°C and 150 °C. Polysulfone allows easy manufacturing of membranes, with reproducible
properties and controllable size of pores down to 0.04 microns. Such membranes can be used
in applications like hemodialysis, waste water recovery, food and beverage processing, and gas
separation.
Generally, it is noticeable that the performance of PSf membranes as reported by other
researchers is still inferior as compared to other membrane material such as polyimide.
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Therefore, study on solvent effect to improve the performance of PSf membrane in separating
C02 from CH4 is still highly necessary.
2.4.3 Solvents used
The solvent exchange process and its kinetic betweenthe membrane and the quench bath have
a great influence on the formation of undesired macrovoids and uncontrolled skin thickness. It
is not easy, however, to evaporate those solvents from the casting solution/air interface owing
to their poor volatilities. DCM is a volatile and weak solvent while NMP is nonvolatile solvent.
PSF dissolved differently in these two solvents, therefore PSF solubility in solvent system is
controlled by changing the ratio between this DCM and NMP.
N-Methyl-2-pyrrolidone (NMP) is a chemical compoundwith 5-membered lactam structure. It
is a clear to slightly yellow liquid miscible with water and solvents like ethyl acetate,
chloroform, benzene and lower alcohols or ketones. It also belongs to the class of dipolar
aprotic solvents which includes also dimethylformamide, dimethylacetamide and dimethyl
sulfoxide. Other names for this compound are: l-methyl-2-pyrrolidone, N-methyl-2-
pyrrolidinone, and m-pyrrole, and pharmasolve.
N-Methylpyrrolidone is used to recover pure hydrocarbons while processing petrochemicals
(such as the recovery of 1,3-butadiene using NMP as an extractive distillation solvent) and in
the desulfiirization of gases. Due to its good solvency properties N-methyl-2-pyrrolidone is
used to dissolve a wide range of chemicals, especially in the polymers field. It also used as a
solvent for surface treatment of textiles, resins and metal coated plastics or as a paint stripper.
World production capacity for NMP was226 millionlb in 2006. NMP has desirable properties
such as low volatility, low flammability, and relatively low toxicity. However, it has been
identified as a reproductive toxicant, first by California in 2001 and then by the European
Commission in 2003.
Dichloromethane (DCM or methylene chloride) is the organic compound with the formula
CH2CI2. This colorless, volatile liquid with a moderately sweet aroma is widely used as a
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solvent. More than 500,000 tons were produced in 1991. Although it is not miscible with
water, it is miscible with many organic solvents (Rossberg, et al.). It was first prepared in 1840
by the French chemist Henri Victor Regnault, who isolated it from a mixture of chloromethane
and chlorine that had been exposed to sunlight.
Dichloromethane's volatility and ability to dissolve a wide rangeof organic compounds makes
it a useful solvent for many chemical processes. It is widely used as a paint stripper and a
degreaser. In the food industry, it has been used to decaffeinate coffee and tea as well as to
prepare extracts ofhops and other flavorings. Its volatilityhas led to its use as an aerosol spray




3.1 FORMATION OF PHASE INVERSION-BASED ASYMMETRIC MEMBRANE
Membrane can be prepared by many ways but phase inversion technique is used widely in
industry. Phase inversion refers to the process by which a polymer solution inverts into a
swollen three-dimensional macro molecular network or gel (Kesting, 1985). This process
involves the inversion of liquid homogenous polymer solution into a two-phase system with a
solid, polymer-rich phase forming the rigid membrane structure and a liquid, polymer-lean
phase forming membrane pores. It dictates the morphology of final membrane, which, in turn,
governs the characteristic transport properties of the membranes such as flux and selectivity or
rejection. The skin (the uppermost surface) structure and cross-sectional morphology of the
asymmetric membranes strongly depend upon the thermodynamics and kinetics of the phase
inversionprocess. There are three techniques in phase inversionwhich are thermal process, dry
or complete evaporation process and wet or combined evaporation-diffusion process.
Membranes obtained by phase inversion can be classified as homogeneous (symmetric) or
asymmetric membrane. Asymmetric membranes consist of an extremely thin layer (skin or
active layer) on the top of a more or less porous sublayer. In this technique, a polymer
solution is immersed in a non-solvent (coagulant) bath and solvent-non-solvent exchange
will occur between the polymer solution and the non-solvent. This exchange forms the
nascent pores. Depending on the formation conditions, a variety of different morphologies
can be prepared as will be discussed later. Traditionally, casting dopes areternarypolymer
solutions, containing a mixture of polymer(s), solvent(s), and non-solvent (Wienk, 1995).
Phase separation is a process in which an initially homogenous casting solution becomes
thermodynamically unstable due to external effects (Yip and McHugh, 2006). Phase separation
ofcasting solution can be induced by four different techniques;
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a) Polymer precipitation by solvent evaporation
This is one of the earliest methods of making microporous asymmetric membrane
(Baker, 2004). A polymer is dissolved into a two-component solution mixture
consisting of a volatile solvent such as acetone and less volatile non-solvent typically
water or alcohol. The solution is then cast onto a glass plate. The volatile solvent is
allowed to evaporate at certain period of times so the casting solution is enriched with
the less volatile non-solvent. The non-solvent enriched casting solution will precipitate
to form the membrane structure.
There are many factors that affect the porosity and pore size of membrane formed
through this method. Fine pores membrane will be formed for a short evaporationtime.
Larger pores membrane is produced if the evaporation step is prolonged. Porosity is
mainly affected by non-solvent composition of the casting solution. Increasing non-
solvent composition will increase the porosity of membrane and vice versa (Ruthven,
1997).
b) Thermal precipitation
This is the simplest method to fabricate asymmetric membrane. A prepared film is cast
from a hot, one - phase polymer solution, followed by cooling to precipitate the
polymer. The cooled film is separated into two phase region; polymer-matrix phase and
membrane pore-phase. The initial composition of the polymer solution will determine
the pore volume of final membrane but the cooling rate of the solution greatly
influences the pore size of the final membrane. Rapid cooling will produce small pores
(Ruthven, 1997).
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c) Polymer precipitation by Absorption of Water Vapor
In this technique, water vapor is required to induce phase separation during membrane
fabrication process. The casting solution that consists of polymer, volatile solvent and
non-volatile solvent is cast onto a continuous stainless steel belt. The cast film is passed
along the belt through a series of chambers. During circulation, the film loses the
volatile solvent by evaporation and simultaneously absorbs water vapor from the
atmosphere. After precipitation, the membranes are passed into an oven to dry the
remaining solvent. The membrane formed is usually used for microfiltration purpose
(Baker, 2004).
d) Polymer precipitation by immersion in a non-solvent bath
In this method, casting solution is cast onto glass plate and then immersed into
precipitation bath typically water bath. Dense, permselective skin layer is formed by
the presence of water. Water will precipitate the top surface of cast solution rapidly.
This dense surface will slow down the entry of water into underlying polymer solution
so precipitation process is slower. The membrane produced from this method consists
of two layers, which are first layer for dense skin surface and second layer for porous
support. The dense skin varies from 0.1-10 // m thick (Ruthven, 1997).
3.2 TERNARY PHASE DIAGRAM
A ternary diagram is used for describing the phase separation process of a system composed
of polymer/solvent/coagulant. In this diagram the equilibrium curve known as the binodal
curve, divides the area of the triangle into the 2 following regions. One-phase region: every
composition of solvent/ polymer/coagulant in this region forms a homogeneous one-phase
solution. It is obvious that the dope composition must lie in this region. Two-phase region:
every composition of solvent/polymer/coagulant in this region separates into two
equilibrium rich and lean polymer phases whose compositions are given by the two ends of
the tie lines.
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On the other hand, the spinodal curve represents the curve where all possible fluctuations
lead to phase separation (Machado, et al, 1999). The region between the binodal and
spinodal curves implies metastable compositions where phase separation by nucleation and
growth takes place. As has been shown in Fig. 1, the intersection point of these two curves
is defined as the critical point (C).
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Figure 3.1 Schematic Phase Diagram
The morphology and properties of the membrane are strongly related to the dope position,
critical point position and precipitation path. If the precipitation path crosses the binodal
curve, phase separation starts with nucleation and growth of the polymer-rich or polymer-
lean phase (Albrecht, 2001). Usually when the polymer concentration is low, the
precipitation path crosses the equilibrium line below the critical point and nucleation of a
polymer-rich phase initiates the phase separation process. But when the polymer
concentration is high, the mentioned path passes through the binodal curve above the
critical point. In this case, nucleation of the polymer-lean phase may occur. On the other
hand at high polymer concentrations, the precipitation path bypasses the binodal curve and
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phenomena such as vitrification, gelation or crystallization will occur without polymer-lean
phase growth.
In addition to the precipitation path and the mechanism for membrane formation, the time of
phase separation initiation after immersion is very important in order to predict the
morphology and separationproperties of the resulting membrane. If precipitation is initiated
immediately after immersion (instantaneous demixing), the resulting membranes have a
porous top layer and if precipitation begins after measurable time (delayed demixing) one
can expect a membrane with a dense skin layer. (Mulder, 1996). Therefore, the membrane
formation path and the demixing process are in initial parameters that can affect skin layer
formation of asymmetric membranes (Han, 1999). That is, by changing the demixing time
and the precipitation path during membrane preparation one can improve the membrane
morphology and separation property.
3.3 PREDICTION OF SOLUBILITY PARAMETER
Solubility parameter is associated to the cohesive energy-density (CED), which is a measure of
the strength of secondary bond (Rodriguez, et al, 2003). Secondary bond of a molecule
determines most of the physical properties such as boiling point or melting point. While
dissolving, melting, vaporizing, diffusionand deformationinvolve the making and breaking of
the secondary bond (Rodriguez, et al, 2003). The solubility parameter is formulated as
follows:
8,=4CED=^L (3.1)
where AEj is defined as the energy change upon isothermal vaporization of the saturated
liquid to the ideal gas state at infinite dilution and Vj is the molar volume of the liquid
(Rodriguez, et al, 2003). Eq (3.1) can be used to predict the solubility parameter of a pure
solvent but it is not possible to calculate the solubility parameter of solid polymer since
vaporization does not occur in solid polymers. Therefore, the solubility parameterof a polymer
can be determined indirectly using a method called group - contribution method. The
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calculation of solubility parameter,^, using group contribution method requires a molar
attraction constant, Ft, for each chemical group in the polymerrepeating unit. The calculation
of solubility parameter using group-contribution method is given as follow (Ebewele, 2000):
in which Mr and p refer to themolecular weight and density of polymer, respectively. There
are numerous group-contribution methods proposed by several scientists such as those given
by Small, Hoy and Van Krevelen (DijkandWakker, 1997). Some molarattraction constant, Ft,
ofchemical groups that are not available in one method can be encountered in another method.
For example, the value of molar attraction constant for nitrate is mentioned in Small's method
but not in Hoy and Van Krevelen's method (Dijk and Wakker, 1997).
Even though numerous methods have been proposed to predict the interaction between a
polymer and a solvent, the prediction is less accurate if hydrogen bondings exist in the
molecule structure of polymer or solvent. Therefore, to improve prediction of solubility
parameter either for polymer or solvent, a three-dimensional solubility parameter, as proposed
by Hansen can be used. The overall solubility parameter is expressed as follows (Hansen,
2000; Krevelen, 1990):
3=4Sd2+dp2+Sh2 (3.3)
where Sd,5p, Sh are the dispersive, polar and hydrogen-bonding solubility parameters,
respectively. The magnitude of Sd,Sp, £Aare known to exist for limited numbers of solvent
only. Therefore, a prediction to predict these quantities is noteworthy. Hoftyzer and Van
Krevelen have developed an approach to calculate those solubility parameters (Krevelen,
1990). They derived a few equations in order to get the magnitude of each solubility
parameters. Those equations are presented as follow:
S* =-y~> SP =—y— and gk =f^y- (3-4)
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The group contributions of Fdi, Fpi and Ehi are well-documented by Van Kravelen and Hoftyzer
(Krevelen, 1990).
The interaction among all components involved in casting solution is represented by the
solubility parameter difference. In Hansen solubility parameter, there are three components
that determine the overall solubility parameter. Therefore, solubility parameter difference
among all constituents in casting solution cannot simply be calculated as shown in Eq (3.5).
Each component of Hansen solubility parameter must be taken into consideration. Hence,
solubility parameter difference may be calculated according to the following equation (Chun,
etal, 2000):
m - V(VV+<V**) +(VV (3.5)
Casting solution may be constituted from many components of solvents or non-solvents. The
effective of Hansen solubility parameter of this mixture may be predicted according to the
following equation (Barton, 1995):
# =£*>'>£*;*'> $»'> (3-6) where




4.1 COAGULATION VALUE DETERMINATION
Material: Polysulfone UDEL P-1800 was purchased from Solvay Advanced Polymer, Ethanol
from HmbG Chemicals [molecular weights 46.07 g/mol; SG-0.7906], Water, NMP from
Merck Schuchardt [molecular weight- 99.13 g/mol; SG= 1.031-1.033], and DCM from Merck
kGaA [SG= 1.324-1.326]. All reagents were used without any further purification.
Table 4.1 Sample Compositions ofPolymer Solutions
Chemical SG Volume/Mass
NMP 100w%





PSF,g 1.24 1 1 1 1
NMP, ml 1.031-1.033 47.53 35.65 23.76 -
DCM, ml 1.324-1.326 - 9.25 18.50 37.01
Note: SG values are provided by the suppliers ofeach chemical. Lower SG is used for values in range.
lg PSF is added into 49g solvents (DCM or NMP) in an airtight bottle. The polymer solution
was stirred using a magnetic stirrer until the PSF powder totally dissolved. The non-solvent
mixture which contains 50w% water and 50w% ethanol is slowly titrated into this homogenous
solution while stirring until the clear polymer solution becomes turbid or cloudy visually. The
point where the solution becomes turbid is referred to as the cloud point. The solution
composition at the cloud point is will be computed from the amount of polymer, solvent, and





Membranes are prepared from Polysulfone (P-1800, Solvay Advanced Polymer. This polymer
is soluble in several common organic solvents. Dichloromethane and N-Methylpyrrolidone.
Both solvents will be used as the solvent while water and ethanol will be the coagulants. The
weight percentage ofcoagulants will be fixed. The focus will be on the different solvents used.
The compositions ofthe four casting solutions are as follow;
1) 15 w% PSF, 85 w% NMP
2) 15 w% PSF, 63.75 w% NMP, 21.25 w% DCM
3) 15 w% PSF, 42.5 w% NMP, 42.5 w% DCM
4) 15 w% PSF, 85 w% DCM
The composition of the coagulant is being fixed for all cast solution which is 50w% water and
50w% ethanol. Below is the calculation for the volume/mass of each component in each cast
solution.








PSF (g) 1.24 7.5 7.5 7.5 7.5
NMP (ml) 1.031-1.033 41.22 30.92 20.61 -




Note: SG values are provided by the suppliers of each chemical. LowerSG is used for values in range.
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15w% polymer and 85w% solvent will be blended together. Polysulfone is dried for 24 hours
in the oven at 100°C prior to use. The solvent contains DCM (dichloromethane) or NMP (N-
methyl pyrrolidone) or the combination of both. (Refer to Table 4.2). The percentage for non-
solvent used in coagulation bath is 50w% water and 50w% ethanol.
The solvents and the polymer are mixed together in a beaker and stirred on the hot plate at
35°C for 24 hours. Airtight bottle is preferably used in order to avoid any evaporation while
stirring because the mixtures are volatile or otherwise aluminium foil can be used to cover the
beaker. Powder adding which is PSF should be done slowly to make sure it disperses well into
the solution.
The mixed solution is put in the sonification bath for four hours to remove the bubbles. The
solution will be flattened or spread on the glass plate by the casting knife manually at 500um
thickness setting.
Coagulation medium is prepared with water and ethanol as coagulant with 50w% each. The
glass plate is soaked slowly in the coagulation bath to allow the phase inversion to occur. To
ensure the phases exchange process is complete, the glass plate is immersed for two hours in
the coagulation bath. Membrane will de-attach itself from the glass plate within sometimes.
The membrane is then washed with deionized water and air-dried before testing.
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4.3 MEMBRANE CHARACTERIZATION
4.3.1 Scanning Electron Microscopy (SEM)
Scanning electron microscopy was used to characterize the structure of surface and sub-layer
of membrane. Images obtained from SEM shows detailed 3-dimensional at much higher
magnifications than is possible with a light microscope. Magnification of images is created by
electrons instead of light waves as in conventional light microscope, which uses a series of
glass lenses to bend the light waves.
Membrane structure was determined by LEO 1430 VPSEM. Cross-section of the PSf
membranes were chosen randomly and then was cut carefully using a sharpened razor blade.
Samples were then coated with gold using a sputter coater. After coating, membrane samples
were observed using SEM with magnification range from 600 to 1000 X.
4.3.2 Porosity Calculation
Membrane porosity or void fraction, c, was calculated from the thickness, /, area of the
membrane, A, andthe weight of samples, m. Thickness was determined directly from scanning
electron microscopy (SEM). As a result, the overall porosity can be calculated as follows
(Jansen et al, 2005; Chun et al., 2000)
Vtot IA
in which VVOid and Vtotare thevoid volume and the total volume of membrane. Polymer density
is denoted with p. Polysulfone has density of 1.24 g/cm3 as presented in Appendix A, Table
A.l.
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4.3.3 Gas Permeation Studies
Gas permeationmeasurements were performed using pure CO2 and pure CH4. The permeation
experiment always begin with nitrogen and ended with carbon dioxide. Feed side pressure was
varied from 1 bar to 5 bar. The set-up consists of a feed gas tank, a pressure gauge of inlet gas,
a dead-end membrane cell and a bubble soap flow meter. Membranes were located in the dead
end membrane cell or module. This type of module allows the feed gas to flow into the
membrane perpendicularly to the membrane position.
Before performing the experiment, the gas permeation test unit was evacuated to less than 0.1
bar by vacuum pump for 1 hour to remove all residual gases remaining in the equipment. The
feed gas was supplied directly from the gas tank, which is equipped with a pressure regulator.
The feed gas pressure was set up within range of test pressure and the permeate stream was
assumed to be at atmospheric pressure. In this permeation experiment, time (t) required to
reach certain volume ofgas in the permeate stream was observed and recorded. In addition, the
volume of gas (V) in permeate stream was also measured using a bubble soap flow meter. The
permeation ofeach gas through a membrane was measured twice at steady state condition.
Based on the volumetric measurements of the permeated gas, the volumetric flow rate, Q, was
calculated as follows :
VQ = ~ (4.2)




in which TSTP and QSTP referred to temperature (K) and volumetric of permeate gas (cm3/s) at
PSTP condition. After conversion into STP condition, gas permeance, —, was then calculated
using the following formula
Qmp
/ AxAp
where Ap and A were trans-membrane pressure and effective membrane area, respectively.
The CO2/CH4 ideal selectivity (unitless), aco ICH ,of asymmetric membrane can be determined
by dividing CO2permeance, (P//)C02, over CH4permeance, (P/l)CH4.
(4.4)
(pinCO,
"CCCH, -(p//) ' <4'5)
4.3.4 Molecular Interactions
The most direct to study the nature of a polymer mixture is by using FTIR spectroscopy. The
spectra of incompatible polymers are simply the sum of the spectra of the pure polymer
components. In the case of miscible blends, frequency shifts usually indicate specific
interactions between the characteristic groups of the pure polymer (Koenig, 1992). FTiR-




Mechanical properties of the membrane samples were determined by ASTM D882-02
standard test method for tensile properties using universal testing machine (UTM) LR 5K
Lloyd Instruments. For each membrane, 100mm x 10mm was prepared and tested to keep
constancy.
Universal Testing Machine (UTM) is used to test the tensile and compressive properties of
materials. Tensile properties include the resistance of materials to pull or stretch forces. The
amount of force required to break a material and the amount it extends before breaking are
important properties. Analysis of force elongation or stress-strain curves can convey much
about the material being tested, and it can help in predicting its behavior.
The stress and strain can be calculated using the following formula:
The engineering measures stress (oe) and strain (ee) are determined from the measured the load
and deflection using the original specimen cross-sectional area Ao and length Lq.
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4.4 TOOLS AND EQUIPMENT
4.4.1 Lab tools and equipments for membrane fabrication;
Beakers, spatula, testing tubes, aluminium foil, airtight bottles, coagulation bath, casting knife,
glass plate, magnetic stirrer, hot plate, balance,measuring cylinders.
4.4.2 Equipments for characterization;
1. FTIR to measure molecular interactions
2. SEM to analyse the morphology
3. UTM to measure the mechanical properties




Table 4,3 Key Milestones
No Action Item Action By Note





2. Project work commences Students WEEK 2 -4
3. Submission of Progress Report 1 Students WEEK 5
4. Submission of Progress Report 1 Marks Supervisors / FYP
Committee WEEK 6
5. Submission of Progress Report 2 (Draft of Final Report) Students WEEK 11






8. Submission of Final Report (CD Softcopy & Softbound) Students /Supervisors WEEK 14
























































































































































































































5.1 FORMATION AND MORPHOLOGIES OF ASYMMETRIC PSF MEMBRANE
Asymmetric Polysulfone (PSF) membrane formation and morphologies at different solvent
mixtures are presented in this section. Formation of macrovoid in the substructure and
overall porosity ofthe membrane as result of the different concentration of solvents are also
discussed.
5.1.1 Effect of Solvents
Solvent selection plays an important role in controlling the membrane morphologies and
properties. Figure 5.1 shows the SEM images of cross-section of asymmetric PSF
membrane prepared from various solventtype and concentration. Result from SEM images
shows that asymmetric PSF membrane were successfully produced using NMP and DCM
as solvents at different concentrations. All of these fabricated membranes are composed of
skin layer supported with closed-cell substructure. However, various solvents used
produced different membrane morphologies in term of porosity and macrovoid
substructure.
Figure 5.1 (a) SEM image for NMP 100w%
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Figure 5.1 (b) SEM image for
NMP 75w% / DCM 25w%
Figure 5.1 (c) SEM image for NMP 50w% /
DCM 50w%
Figure 5.1 (d) SEM image for
DCM 100w%
A distinct layer region on the top side of the membranes can be observed distinctly on
NMP 100 w% and NMP 75 w%/DCM 25 w% membranes. On the contrary, less distinct
skin layer region was obtained for NMP 50w%/DCM 50w% and DCM 100w%
membranes. Almost no pores can be seen on DCM 100 w% membrane with SEM within
600-1000 focus range. The morphology of NMP 50w%/DCM 50w% and 85% DCM
membrane were also characterized by lower porosity and less macrovoid substructure while
both NMP 100 w% and NMP 75 w%/DCM 25 w% membranes have higher porosity and
more macrovoid substructure. A comparison ofthe porosity ofasymmetric PSF membranes
prepared using NMP and DCM can be observed in Table 5.1.
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Table 5.1 Membranes porosity prepared using different so vent mixture.
Solvents Membrane Thickness (fim) Porosity, (%)
NMP 100w% 91.27 59.11
NMP 75w%/DCM 25w% 69.78 58.39
NMP 50w%/DCM 50w% 54.57 56.08
DCM 100% 40.05 43.62
Table 5.1 shows that high DCM concentration membrane has less porous substructure than
that of the high NMP concentration. The membrane thickness measured using SEM might
be smaller than the actual measurement because the overall thickness of the membrane
might be compressed when they were cut using razor blade during SEM sample
preparation.
In order to study the mechanism of asymmetric membrane fabrication prepared by wet
phase inversion method, the effect of immersion precipitation step on the change of
membrane structure must be considered. Miscibility or affinity among all the constituents
involved during fabrication is necessary to be taken into account in determining the
morphology ofmembrane. Affinity between solvent and polysulfone as well as solvent and
coagulant can be expressed quantitatively through solubility parameter difference. Various
solvent used in membrane making process would affect the solubility parameter of casting
solution. The solubility parameter for each component involved in the membrane making
process in this work is presentedin Appendix B, Table B.l. In membrane making process
through wet phase inversion method, the polymer must be dissolved into solvents. In this
work, NMP and DCM were used as solvent for polysulfone. Accordingly, the solubility
parameter of the solvent and coagulant mixtures must be also taken into account in
expressing the interaction between solvent and polymer as well as solvent and coagulant.
The calculated solubility parameter is tabulated in Table 5.2.
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Table 5.2 Solubility parameter ofPSf, solvents and coagulant mixtures.
Component Sd(Mpa)1/2 Sp(Mpa)1/2 Sh(Mpa),/2 WMpa)1'2
PSf 21.5 2.8 6.8 22.7229
NMP 100w% 18 12.3 7.2 22.9593
NMP 75w%/DCM 25w% 18.0412 11.0635 6.97332 22.2826
NMP 50w%/DCM 50w% 18.0876 9.67325 6.71843 21.584
DCM 100% 18.2 6.3 6.1 20.2025
Water/Ethanol 15.6675 11.979 29.511 35.4946
From Table 5.2, it can be observed that solubility parameter ofNMP based solvent is larger
than that ofNMP 75w%/DCM 25w%, NMP 50w%/DCM 50w% and DCM. Consequently,
each solvent has different interaction with polysulfone and coagulant. The solubility
parameter difference between solvent and coagulant mixture, AS(S-C), as well as solvent and





















Figure 5.2 Solubility parameter differencebetween solvent to coagulant, A8(S.C), and solvent
to polysulfone, A8(S.psf).
As presented in Figure 5.2 each solvent system has different solubility parameter difference
with coagulant, and PSf, A8(S-psf>. NMP solvent has higher total solubility parameter than the
other solvent mixtures. Thus, solubility parameter difference between NMP based solvent
with coagulant A8(S.C), is smaller than the other systems. This indicates that the NMP solvent
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is more miscible to coagulant mixture than other solvent mixtures. The solvents in the order
of increasing solubility parameter difference between casting solution to coagulant are
NMP 100w%< NMP 75w%/DCM 25w% < NMP 50w%/DCM 50w% < DCM 100w%.
Various solvents could also affect the solubility parameter difference between solvent and
PSf, A8(S.PSf), as presented in Figure 5.2. Smaller solubility parameter difference between
NMP solventand polysulfone, AS(S.PSf) makes it the most miscible solvent to polymer. The
miscibility of polysulfone with solvent mixtures decreased in the order of NMP
100w%>NMP 75w%/DCM 25w% > NMP 50w%/DCM 50w% > DCM 100w%.
Theoretically, the smaller solubility parameterdifferenceof NMP solvent with polysulfone
, A8(S-psf), the more time is needed to remove solvent from the polymer structure.
Accordingly, delayed demixing will occur when the casting solution is immersed into
coagulation bath to produce less porous (Strathmann and Kock, 1977). This is because, in
delayed demixing mechanism, polymer-rich phase of casting film tend to agglomerate
before it was solidified to form a membrane matrix (Strathmann, 1975; Baker, 2004).
However, as shown in the SEM images (Figure 5.1(a) and Figure 5.1(b)) and porosity
calculation, Table 5.1, high NMP concentration-based membrane shows higher porosity
even though it has smaller A8(S.psf). This shows that mechanism of membrane formation
cannot just be explained using solubility parameter difference of solvent and PSF.
The tendency to form less porous structure could also be driven by the change of solubility
parameter difference between solvent mixtures and coagulant, A8(S.C). Larger solubility
parameter difference of DCM solvent with coagulant should induce the formation of less
porous structure due to delayed demixing mechanism. On contrary, smaller solubility
parameter difference of NMP-based solvent mixtures and coagulant should induce the
formation of more porous structure of membrane via instantaneous demixing mechanism.
The effect of solvents on membrane porosity was also investigated by comparing the
porosity of the membranes fabricated with DCM and NMP as solvents. In order to further
verify the effect of various solvents on the demixing rate of casting solution, the
coagulation value and solubility parameter difference of the solvent mixture-coagulant are
plotted as in Figure 5.3 for all solvent systems.
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Figure 5.3 Coagulation value and solubility parameter difference of solvent mixtures and
coagulant.
According to Figure 5.3, smaller solubility parameter difference of solvent mixture and
coagulant correlates to lower coagulation value. Coagulation value indicates the tolerance
ofa homogenous casting solution on the additionofcoagulant (Wang et al., 1995). It refers
to the exchange rate between solvent and coagulant during immersion step (Wang et al,
1995). Casting solution that can be separated easily is referred as having lower coagulation
value and this kind of casting solution will undergo instantaneous demixing to become
unstable instantly. Conversely, a more stable homogenous casting solution has higher
coagulation value in which delayed demixing mechanism will occur to induce the
formation ofasymmetric membrane structure.
The casting solution containing higher NMP concentration has smaller coagulation value.
Therefore, once it was immersed into coagulation bath, it should demixed instantaneously
and subsequently, a more porous substructure should be obtained for membranes prepared
from high NMP concentration. Contradictive results were observed in which less porous
structure was resulted from DCM-based membrane and a more porous structure was
observed on NMP-based membrane as shown in SEM images in Figure 5.1 and porosity
calculation in Table 5.1. This phenomenon suggest that the effect of solvent-coagulant
interactionis more dominantthan solvent-polymer interactionin controlling the mechanism
of asymmetric PSF membrane formation. Thus, instead of producing less porous structure
due to higher miscibility between polymer and solvent, NMP-based membrane shows more
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porous structure with the presence of macrovoid due to higher miscibility between solvent
and coagulant and less volatile properties of NMP that could minimize the formation of
polymer-concentrated region on the top side of casting film.
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5.2 C02/CH4 SEPARATION CHARACTERISTIC
All membranes prepared from different solvent mixtures were subjected to the same
operating conditions to determine their gas separation characteristic. The feed pressure was
varied within 1 bar - 5 bar while temperature is assumed constant at 25°C during
experiment.
In this work, to obtain reliable result, two membranes which were prepared under same
preparation condition were tested twice in a single gas permeation set-up. Experimental
results showed that asymmetric polysulfone membranes prepared from different solvent
mixture were reproducible in whichrelative standard deviation of C02 and CH4 permeance
as well as CO2/CH4 ideal selectivity is relatively small ( less than 6 %) as tabulated in
Appendix E.
5.2.1 Effect of Solvents
The gas separation characteristic is determined by plotting the permeance of C02, CH4 and
CO2/CH4 ideal selectivity of each membrane with respect to feed pressure. The permeance





































Figure 5.5 CH4 permeance of membranes prepared from different solvent mixtures at
various feed pressure
According to Figure 5.4 and 5.5, CO2 and CH4 permeances decrease in the order of NMP
100w% > NMP 75w%/DCM 25w% > NMP 50w%/DCM 50w% > DCM 100w% solvent
system. The significant differences of gas permeances among membranes prepared from
different solvent mixtures could be explained by referring to their morphologies as shown
by SEM images, Figure 5.1. The porosity of substructure played an important role in
determining the performance of membrane especially in terms of gas permeance. CO2 and
CH4 permeances of NMP membrane were higher than the others. This is because NMP
membranes have more porous substructure with the presence of macrovoid as compared to
DCM membrane. High porosity substructure makes the membrane become less restricted,
thus allowing for the sorbed gas to diffuse more easily across the bulk structure of the
membrane. While, denser and less porous substructure causes more hindrance for the
sorbed gas to diffuse over the entire structure of membrane thus producing lower CO2

















Figure 5.6 CO2/CH4 ideal selectivity of membranes prepared from different solvent
mixtures at various feed pressures.
NMP membrane yield higher CO2/CH4 ideal selectivity as compared to other solvent
systems. It indicates that the skin layer of these membranes were homogenously dense and
free of defect or pinholes. In all of these membranes, transport mechanism was affected by
solution-diffusion mechanism in which polar gas of CO2 was absorbed more than CH4. The
adsorbed CO2 would then diffuse through the bulk structure of the membrane to the
permeate side. Therefore, CO2 permeance of asymmetric is alwayshigher compared to CH4
permeance.
CO2 permeance of all membranes was also found to decrease as feed pressure increase,
Figure 5.4. This is typical behavior of C02 transport mechanism through dense membrane
due to solution diffusion mechanism as reported by the previous researchers (Koros et al,
1977; Sanders, 1988; Ismail and Lorna, 2002). CH4 permeance of all membranes increase
as feed pressure increase due to increasing of diffusion coefficient of CH4 (Lin and Chung,
2001).
CO2/CH4 ideal selectivity of all membranes decrease as feed pressure increase. The same




All four membranes undergone FTIRtest to certify the mixture concentration using FTIR-
8400S Shimadzu model. Complete FTIR spectra is attached in Appendix F. Below are the
diagrams ofFTiR for all membranes.
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Figure 5.7(c) FTiR for NMP 50w%/
DCM 50w%
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Figure 5.7(d) FTiR for
DCM 100w%
The sulfonate group of PSF give characteristic peaks at 1155 cm"1. Subtraction of NMP and
DCM from NMP/DCM blend spectrum was employed, in order to identify any interactions
between the pure components, and their level of mixing compatibility. The strong
frequency shifts (7-9cm4) are observed for aliphatic hydrogen vibration (from 1373.22 to
1363.58 cm"1), the sulfonate group ofPSF (from 1163 to 1155.28 cm"1) and benzene ring
stretching mode (from 1589.23 to 1581.52 cm"1), while secondary shift (3.85cm1) is
observed for aromatic carbon-oxygen stretching vibration frequency (from 1255.57 to
1251.72 cm"1) These spectra shifts and intensity changes suggest NMP and DCM
interactions and mixing at molecular level. Therefore, these structural analysis results
support further the compatible nature of NMP/DCM blends membranes indicated by the
macroscopic and microscopic observations.
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5.4 MECHANICAL STRENGTH
All four membranes were tested according to ASTM D882-02 standard, meant for thin
sheet. Based on the diagrams in Appendix F, data of yield strength, Young's Modulus,
tensile strength or total elongation can be extracted. The results are tabulated in the table
below






(MPa) 387.112 600.989 760.2076 1690.5
Tensile strength
(MPa) 400.762 551.063 684.2758 1950.061
Modulus of
polymer sample 15825.2 18763.5 59262.79 68948.66
Table 5.3 Strength ofMaterial of Membranes
NMP 100w% NMP 75w%/DCM NMP 50w%/DCM DCM 100w%
25w% 50w%














NMP 100w% NMP 75w%/DCM NMP 50w%/DCM DCM 100w%
25w% 50w%







Figure 5.10 Elastic Modulus (N/m)
DCM 100w%
DCM based membrane has the highest elastic modulus; it will resist deformation for a
while, it will eventuallydeformonly after enoughstress is applied. It is different from rigid
plastic as it doesn't resist deformation and tend not to break. Flexible plastics may not be as
strong as rigid ones, but they are a lot tougher. The trend tends to decrease with the
increment of NMP composition. NMP based membrane is easier to be brokenas shown by
its strength at yield or tensile strength. It also has very low strength at break whereby it
cannot regain back its initial shape after that much load is applied.
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There is significant difference in mechanical strength between polymer made from NMP
and DCM. This is due to the presence of the macrovoids in the membrane. NMP based
membrane has more macrovoids compared to DCM based membrane. The parameter that
leads to the formation of macrovoid is the same as the parameter that leads to the formation
of the porous (Mulder, 1996). As we discussed in this chapter earlier, in Section 5.1, NMP
based membrane shows more porous according to SEM images and porosity calculation,
thus it has more macrovoids. This macrovoids could lower the membrane strength because





The effect of solvent (NMP and DCM) on asymmetric polysulfone (PSf) membrane on
morphology and CO2/CH4 separation characteristic have been investigated. Membranes
were prepared based on wet phase inversion method. Ethanol and water were selected as
coagulation medium.
Asymmetric PSf membrane prepared NMP produced more porous substructure than DCM-
based membrane. Overall porosity of membrane in decrease order is NMP 100w% > NMP
75w%/DCM 25w% > NMP 50w%/DCM 50w% > DCM 100w%.
Permeation studies revealed that different morphologies of asymmetric polymeric
membrane give significant changes of the membrane performance. It showed that CO2 and
CH4 permeances of NMP-based membrane were higher as compared to DCM-based
membranes. High ideal selectivity of CO2/CH4 was obtained for NMP-based membranes
which is In these membranes, porosity of substructure played important role in which CO2
permeance ofNMP-based membrane would be higher as compared to other membranes due
to high porosity of membrane substructure.
However, the mechanical strength of NMP based membrane is the lowest among the four
fabricated membranes. Further studies must be done to produce a good membrane that has
both good permselectivity and mechanical strength. Macrovoids has to be avoided but high
porosity characteristic must be maintained. Ongoing research is done in incorporating
inorganic materials such as carbon molecular sieve (CMS) or fumed silica in order to get
the strong and high permselectivity mixed matrix membrane.
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APPENDICES
APPENDIX A: RAW MATERIAL PROPERTIES
A.l Polymer
A.2 Chemicals
Table A. 1 ^operties ofPolymer
Polymer Polysulfone
Manufacturer Solvay Advanced Polymer
Formula (C2?H2204S)n
Characteristic Odorless
Density (g/cm ) 1.24
MW (g/mol) 442
Chemical properties used are presented in Table A.2
Table A.2 List ofproperties ofpure components
Material Manufacturer Density (g/cm ) MW (g/mol) Boiling Point (°C)
NMP Merck Schuchardt 1.031-1.033 99.13 202
DCM Merck kGaA 1.324-1.326 84.93 40
Ethanol HmbG Chemicals 0.7906 46.07 78
xn
APPENDIX B: SOLUBILITY PARAMETER
B.l Solubility Parameter ofPure Components
Table B.l Solubilityparameterof pure components (Hansen, 2000)
Component 8d(Mpa)1/2 8p(Mpa)1/2 Sh(Mpa)1/2 6totai(Mpa)1/2
PSF 21.5 2.8 6.8 22.72
NMP 18.0 12.3 7.2 22.96
DCM 18.2 6.3 6.1 20.20
Ethanol 15.8 8.8 19.4 26.52
Water 15.5 16 42.3 47.81
B.2 Solubility Parameter of Mixtures
Solvent mixtures consist of water/ethanol is used as example to determine overall solubility
parameter of solvent mixtures, Smix . Composition of water/ethanol in mass and density, p, of
each component are given in Table B.2 . Volume, V, for each component can be calculated




Once total volume of solvent mixtures is obtained, volume fraction, 0, can be calculated by
dividing volume of component i, Vi, over total volume ofsolvent mixtures, V.
Summary ofdata calculation for V and 0 are tabulated in Table B.2
xin
Table B.2 Data tabulation for the total volume, V, and volume fraction, <f>, of solvent mixtures
P m(g) V <t>
Water 1.00 250 250 0.44
Ethanol 0.79 250 316.46 0.056
total 566.46 1
Once the volume fraction of component i,$t, is obtained, solubility parameter component of
solvent mixtures can be calculated as follows:
Sd = SJa'er x0water + SeJhano1 x0frc'w/
= 15.5x0.44+15.8x0.56
= 15.668
<£ __ owaier /.water , methanol methanol
p P r p ™
16x0.44 + 8.8x0.56
= 11.968
S £ water w twatar , oe(fca*iaZ „ methanol
= 42.3x0.44+19.4x0.56
= 29.476




B.3 Solubility Parameter Difference Calculation(A<5)
NMP is used as example to determine solubility parameter difference of solvent and coagulant
mixtures consist of water/ethanol, and solubility parameter difference between solvent and
polymer, PSf.
Solubilty parameter of solvent (NMP)
Sd = 18 ; Sp = 12.3; Sh =7.2 ; S^ = 22.96
Solubilty parameter ofcoagulant:
Sd = 15.668 ;Sp=\ 1.968 ; Sh -29.476 ; 6 = 35.46
Solubilty parameter of PSf:
8d = 21.5; Sp = 2.8 ; 8h =6.8 ; £=22.72
Solubility parameter difference between NMP and coagulant, can be calculated as follows:
^° = \ ( °d,NMP ~ ^d,coagulant ) +K °p,NMP ~ &p,coagulant ) + V^ hJOdP ~ ^h,coagulant)
=V(18-15.668)2+(12.3-11.968)2 +(7.2-29.476)2
= 22.4
Solubility parameter difference between solvent (NMP) and PSf can be calculated as follows:
xv
as =^(sdNMP ~sdpsf)2+(SpNMP ~spPSff +(shNMP -shiP^y
= V(18-21.5)2 +(12.30-2.8)2 +(7.2-6.8)2
= 10.13 (MPa)1'2
xvi
APPENDIX C: POROSITY CALCULATION
C.l Thickness ofMembrane
Thickness of membrane measured at ten different points using micrometer gauge. The
measured thickness is presented in Table C.l. Membrane area used for thickness measurement
iskept constant at25 cm2 ( L= 5 cm and W= 5 cm) for every samples
Table C.l Thickness of membrane measured using SEM
Membrane preparation parameter
Mass (g) Thickness (urn)
NMP 100w% 0.1157 91.27
NMP 75 w% / DCM 25 w% 0.0900 69.78
NMP 50 w% / DCM 50 w% 0.0743 54.57
DCM 100 w% 0.070 40.05
C.2 Membrane Overall Porosity Calculation
NMP membrane was taken as an example for overall porosity calculation. Based on SEM,
NMP membrane has a thickness, /, of around 91.27 urn. Mass of membrane, m, was 0.1157 g
and effective area of membrane measured, A, was 25 cm2. With PSf density of 1.24 g/cm3,















APPENDIX D: COAGULATION VALUE
D. 1. Coagulation Value at Various Solvent - Non-solvent Pair
Result of titration method to determine the coagulation value of solution at different solvent
mixtures is tabulated at Table D.l
Table D.l Coagulation value ofdifferent solvent mixtures
Solution
Coagulation value (ml)
Runl Run 2 Average
NMP 100w% 6.4 6.5 6.5
NMP 75 w% / DCM 25 w% 7.5 7.3 7.4
NMP 50 w% / DCM 50 w% 9.2 9.3 9.3
DCM 100 w% 12.4 12.0 12.2
XIX
APPENDIX E: GAS PERMEATION
E.l Gas Permeance and C02/CH4 Ideal Calculations
Permeance of gases was measured by considering the time taken to flow certain amount ofgas
volume in bubble soap flow meter. As an example, for NMP membrane, time taken to flow 15
ml of C02 was 17.1 seconds at 1 barg feed pressure. The effective area of membrane, A, is
14.5 cm and testing temperature is 25°C. Hence the permeanceof C02 gas can be determined
as follows:





This volumetricflow rate, Q, is corrected to standardtemperature and pressure
(STP), Qstp, as follows:
































Similarly, CH4permeance, —, can be calculated using the same method. For NMP membrane,
CH4 permeance obtained is 107 GPU. CO2/CH4 ideal selectivity, aCOi/CHi, can be calculated
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CO en en en
5
s?



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Albrecht, W., Weigel, Th., Schossig- Tiedemann, M., Kneifel, K., Peinemann, K.V. and
Paul, D. 2001, "Formation of hollow fiber membranes from poly(ether imide) at wet phase
inversion using binary mixtures of solvents for the preparation of the dope," J. Membr.
Sci. 192: 217-230
Baker,R. W. 1994,Membrane technology andapplications, John Wiley & Son, Ltd
Barton, A.F.M. 1985, Handbook of solubility parameters and other cohesion parameters,
Florida, CRC press
Bord, N., Cre'tier, G., Rocca, J. L., Baiily, C, and Souchez, J.P. 2004, "Determination of
diethanolamine or N-methyldiethanolamine in high ammonium concentration matrices by
capillary electrophoresis with indirect UV detection: application to the analysis of refinery
process waters," Anal Bioanal Chem 380: 325-332
Chun, K.Y., Jang, S.H., Kim, H.S., Kim, Y.W., Han, H.K., and Joe, Y.I. 2000, "Effects of
solvent on the pore formation in asymmetric 6FDA-4,4'ODA polyimide membrane: terms of
thermodynamic, precipitation kinetics, and physical factors," J. Membr. Sci. 169 197-214
Dijk, M.A.V., and Wakker, A. 1997, Concepts ofpolymer thermodynamics, Lancaster, Basel,
Technomic Publishing Co., Inc.
Dortmundt, D., and Doshi, K. 1999, Recent Developments in C02 Removal Membrane
Technology, USA, UOP LLC
Ebewele, R.O. 2000, Polymer Science andTechnology, Boca Raton, Florida, CRC press
Gosh, M.K., and Mital, K.L. 1996, Polyimides: Fundamental and Applications, New York,
Marcel Dekker, Inc
XXXlll
Han, M.J. 1999, Desalination (121): 31-39, 230, Korea
Hansen, CM. 2000, Hansen solubilityparameter, A user's handbook., London, CRC press
Hwang, J.R., Koo, S.H., Kim, J.H., Higuchi and Tak, T.M. 1996, Effects ofcasting solution
composition on performance ofPES membrane, Korea; Japan
Iqbal, M. 2007, DevelopmentofAsymmetric Polysulfone (PSF) Membranefor CarbonDioxide
Removalfrom Methane, Master Degree Thesis, University Technology PETRONAS, Malaysia
Iqbal, M., Man, Z., Mukhtar, H. and Dutta, B.K. 2008, "Solvent effect on morphology and
CO2/CH4 separation performance of asymmetric polysulfone membrane,?," J. Membr. Sci. 318
(1-2): 167-175
Ismail, A.F. and David, L.I.B. 2001, "A Review on the latest development of carbon
membranes for gas separation," J.Membr.Sci. 193: 1-18
Ismail, A.F. and Lorna, W. 2002, Penetrant-induced plasticization phenomenon in glassy
polymersfor gas separation membrane, Review article, Sep. Purif. Tech. 27: 173-194
Ismail, A.F. and Lai, P.Y. 2004, Development of Defect-Free Asymmetric Polysulfone
Membranesfor Gas Separation Using Response Surface Methodology, Sep. Purif. Technol.
40: 191.
Jansen, J.C., Macchione, M., and Drioli, E. 2005a, "High flux asymmetric gas separation
membranes of modified poly(ether ether ketone) prepared by the dry phase inversion
technique" J.Membr.Sci. 255: 167-180
Jansen, J.C., Macchione, M., Oliviero, C, Mendichi, R., Ranieri, G.A., and Drioli, E. 2005b,
"Rheological evaluation ofthe influence of polymer concentration and molar mass distribution
on the formation and performance of asymmetric gas separation membranes prepared by dry
phase inversion," Polymer 46: 11366-11379
xxxiv
Jordan, S.M., and Koros, W.J. 1990, "Characterization of C02-induced conditioning of
substituted polycarbonates using various exchange penetrants," J. Membr. Sci. 51: 233-247
Kang, Y.S., Kim, H.J., Kim, Y.H. and Jo, W.H. 1988, The mechanism of a asymmetric
membrane formation viaphase inversion process, Seoul National University, Department of
Textile Engineering
Kesting, R. E. 1985, Synthetic Polymeric Membrane 2, New York, John Wiley & Sons
Kesting, R.E. 1990, "The four tiers of structure in integrally skinned phase inversions
membranes and their relevance to the various separation regimes," J.AppLPolym.Sci., 41:
2739-2752
Koenig, J.L. 1992, Spectroscopy ofPolymers, ACS Professional Reference Book, Washington
DC, American Chemical Society
Kohl, A. andRiesenfeld, F. 1979, Gas purification, Houston, Texas, GulfPublishing Company
Koros, W.J., Chan, A.H., and Paul, D.R. 1977, "Sorption and transport of various gases in
polycarbonate,"./ Membr. Sci. 2: 165-190
Koros, W.J., Coleman, M.R, and Walker, D.R.B. 1992, "Controlled Permeability Polymer
Membranes," Ann. Rev. Sci., 22: 47
Koros, W.J., MA, Y.H. and Shimidzu, T. 1996, "Terminology for membranes and membrane
processes," Pure andAppl. Chem., 68: 1479-1489
Koros, W.J. and Mahajan, R. 2000, "Pushingthe Limits on Possibilities for Large Scale Gas
Separation: Which Strategies?," J. Membr. Sci. 175: 181-196
xxxv
Kravelen, D.W.V. 1990, Properties ofpolymers: Their correlation with chemical structure;
Their numerical estimation and predictionfrom additive group contribution (3), Amsterdam,
Elsevier
Lakshrmnarayanaiah, N. 1985, Equations ofmembrane biophysics, New York, Academic Press
Li, J., Wang, S., Nagai, K., Nakagawa, T., and Mau, A.W.H. 1998, "Effect of
polyethyleneglycol (PEG) on gas permeabilities and permselectivities in its cellulose acetate
(CA) blend membranes," J. Membr. Sci. 138: 143-152
Machado, P.ST., Habert, A.C. and Borges, C.P. 1999, "Membrane formation mechanism
based on precipitation kinetics and membrane morphology: flat and hollow fiber polysulfone
membranes", J. Membr .Sci. 155:171-183
Matsuyama, H., Yamamoto, A., Yano. H., Maki, T., Teramoto M., Mishima, K. and
Matsuyama, K. 2002, "Effect of organic solvents on membrane formation by phase separation
with supercritical C02," J. Membr. Sci. 204: 81.
Mulder, M. 1996. Basic Principles ofMembrane Technology (2), Kluwer Academic.
Mulder, M. 1997, Basic Principles ofMembrane Technology, Netherlands. Kluwer Academic
Publisher
Niwa, M., Kawakami, H., Nagaoka, S., Kanamori, T., and Shinbo, T. 2000, "Fabrication of an
asymmetric polyimide hollow fiber with a defect-free surface skin layer," J. Membr. Sci. 171:
253-261
Nunes, S.P., and Peineman, K.V. 2001, Membrane technology in the chemical industry,
Germany, WILEY-VCH
Peinemann, K.V., and Pinnau, I., Methodfor producing an integral asymmetric gas separating
membrane and the resultant membrane, United States Patent Number 4,746,333,1988
xxxvi
Reverchon, E., Schiavo Rappo, E. and Cardea, S. 2006, "Flexible supercritical C02- assisted
processfor poly(methylmethacrylate) structure formation," Polym. Eng. Sci. 46: 188
Rodriguez, F., Cohen, C, Ober., C.K., and Archer, L.A. 2003, Principles ofpolymer system
(5), New York, Taylor & Francis Group
Ruthven, D.M. 1997, Encyclopedia ofseparation technology (2): AKirk-Othmer encyclopedia,
John Wiley & Sons
Sanders, E.S. 1988, "Penetrant-induced plasticization and gas permeation in glassy polymers,"
J.Membr.Sci 37: 63-80
Shieh, J.J. and Chung, T.S. 1998, "Effect of liquid-liquid demixing on the membrane
morphology, gas permeation, thermal and mechanical properties of cellulose acetate hollow
fibers," J. Membr. Sci. 140: 67-79
Strathmann. H„ Kock, K. and Amar, P. 1975, "The formation mechanism of asymmetric
membranes," Desalination 16:179-203
Strathmann. H., and Kock, K. 1977, "The formation mechanism of phase inversion
membranes," Desalination 21: 241-255
Strathmann, H. and Bauer, B. 1989, "7th European Summer School" inMembrane Sciene
Temtem, M., Casimiro, T. and Aguiar-Ricardo, A. 2006, Solvent power and depressurization
rate effects in the formation ofpolysulfone membranes with C02-assisted phase inversion
method.
Wang, Z.G., Xu, Z.K. and Wan, L.S., 2006, "Modulation the morphologies and performance of
polyacrylonitrile-based asymmetric membranes containing reactive groups: Effect of non-
solvents in the dope solution," J. Membr. Sci. 278: 447-456
XXXVll
Wienk, M., OldeScholtenhuis, F.H.S., Boomgaard, T. and Smolders, C.A. 1995, J. Membr.
Sci. 106: 233-243
Yampolskii, Y., Pinnau, I. and Freeman, B.D. 2006, Materials Science ofMembranesfor Gas
and Vapor Separation, John Wiley & Son, Ltd.
Yip, Y. and McHugh, A.J. 1006,"Modeling and simulationof nonsolventvapor-induced
phase separation," J Membr. Sci21\: 163-176
Zydney, A.L. and Zeman, L.J. 1996, Microflltration and ultrafiltration: Principles and
Applications, New York.
XXXVlll
